Abstract. Recent work on solar wind plasma correlations using data from several widely-separated spacecraft (IMP 8, WIND, has shown that, for 6-hour periods, the average plasma correlation is 0.7. The focus of these studies has been directed toward a statistical understanding of gross solar wind correlation behavior. In all correlations examined, lower average correlations are caused by the presence of many points from the low correlation subpopulation; nevertheless, data points from the high correlation population are still present. No single organizational factor has yet been found which adequately separates low-correlation periods from high-correlation periods. Some of the spread in correlations is due to the spatial orientations and dimensions of solar wind structures, and thus to the locational alignments of the spacecraft being correlated, but this does not adequately explain all the good or poor correlations since sometimes three nearby spacecraft show poor correlations, while sometimes three widely-separated spacecraft show good correlations. Thus, in order to understand the underlying physics, detailed investigation of individual cases has been undertaken. These results will be important in assigning quality measures to space weather predictions using satellite measurements taken at L1, for example.
INTRODUCTION
Recently, with the opportunity to measure solar wind conditions at many spatial locations, and with increased interest in space weather studies , various eorts have begun to examine the reliabilityofone spacecraft to accurately measure solar wind conditions. In particular, work has focused both on the measurement of solar wind plasma correlation between various spacecraft pairs [e.g., (1), (2) , and (3)] and on the correlation of the interplanetary magnetic eld (IMF) (4) . The plasma work covers more detail and larger data volumes than the earlier work of (5), while the IMF studies extend to more modern data sets the early work of (6), (7) , and (8) .
There are several motivations for such work, including: 1) increasing our understanding of the physics involved, 2) providing reliability estimates for space weather models, and 3) allowing better inight cross-spacecraft calibrations to be performed. The primary physics foci are to understand how the plasma varies spatial in three dimensions (albeit over small extents compared to the size of the heliosphere) and both what the scale lengths of the solar wind plasma and IMF are and on what these lengths depend. For space weather purposes the results of the physical understanding also have pragmatic applications. For example, it is important to understand how reliable measurements from a single spacecraft at the L1 Lagrangian point (upstream from Earth about 220 R E toward the Sun) are in predicting the solar wind impinging on Earth's bow shock and subsequently aecting the magnetosphere. Knowing when a single set of measurements is reasonably accurate, and under what conditions this occurs, is part of the underlying focus to determine when good prediction results can be expected. Finally, for the purposes of post-launch calibration between instruments on dierent spacecraft, it is vital to understand when the 'same' solar wind is expected to be observed by both. As more and more spacecraft are positioned in near-Earth orbit, it is critical to make sure that, as far as possible, measurements from each can be used interchangeably for both modeling and physical analysis eorts. This requires that the various data sets be somehow broughtinto agreement for the same solar wind conditions. However, without understanding what time periods to examine (since early results show that not all time periods are reasonably enough homogeneous), this is merely a mathematical eort with limited physical meaning (see, for example, the discussion in (9) ). This paper will focus on the issue of plasma correlations between pairs of spacecraft. The data sets used vary from historical (IMP 8 data correlated with ISEE 3 measurements from the 1978-1980 period) to modern (IMP 8, WIND, and INTERBALL-1 intercorrelations). Some of the results presented here are discussed in more detail in (1), (2) , and (3), and readers are urged to examine those papers for a more thorough understanding of the work presented here.
METHOD
The method used to compare the data from the spacecraft pairs was to calculate the linear Pearson correlation coecient as a function of lag, after rst approximately aligning 6-hour segments of the data in time using the advection shift based on the spacecraft X separation and the average solar wind speed during the interval (see details in (1), (2), and (3)).
STATISTICAL STUDY RESULTS
Several gures demonstrating important results of the statistical study are presented on the CD-ROM (all such gures are named in the text as \Fig-ure CDx"). Figure CD5 illustrates that the ux correlation values, for three groups of data, show little dependence on X-separation up to about 220 R E , although it is dicult to be certain. After that point there seems to be a fall-o in the correlation value implying that the scale length of the solar wind in the X direction is a little less than 220 R E . Figure CD6 demonstrates, for the 2589 points of IMP and WIND ux measurements shown, a clear trend of higher correlations at higher standard deviations of density. The change is due largely to the replacement of poor correlation periods by good ones, since the height of the < 0:5 section of the bottom panel remains fairly constant after n =1:5 (except in the very highest bin, where there are the least points).
It might be postulated that, since higher standard deviations of density (or ux) are associated with higher densities (or uxes), there is an instrumental eect causing the higher correlations (e.g., perhaps higher densities are measured more accurately, leading to better correlations). Figure CD7 shows that interpretation to be false. When the data are divided into two density standard deviation ranges, n < 0:7cm 3 and n > 2:0cm 3 , the associated ux and density correlations are distinctly dierentatthe same density level. Surprisingly, this also holds true for at least some of the velocity data.
A possible dependence of the correlation level on solar cycle is shown in Figure 1 (CD1) . The IMP 8/WIND correlations (smoothed over fty-one 6-hour periods) for the entire existing data set are 
CASE STUDY RESULTS
In order to understand the presence of poor correlations, several individual cases were examined in more detail. The cases presented below show that the poor correlations are associated with various situations, such as 1) large-scale ux dierences, 2) a lot of variability (\wiggle") in the data, 3) spatial dierences in the structures seen, and 4) changing structure width.
Sometimes poor correlations appear because the data show large-scale dierences, such as the data from day 162 (June 10) 1996 shown on Figure 2 (CD2). IMP 8 (GSE X, Y, Z: 19, 24.5, -12) and WIND (192.5, 12.3, -14.2) see very similar uxes in general, even though WIND is far upstream (Figure CD8) . However, at various periods (especially those marked by the vertical arrows), the ux seen In the magnetic eld data from this day, also shown in Figure 2 , it is clear that the dierences in the IMP or WIND and INTERBALL uxes are due to the spacecraft seeing rather dierent solar wind. For example, in the ux decrease seen by IMP and WIND near 1615, where INTERBALL continues to see a fairly constant ux, the eld measurements from IMP and WIND come up during the ux decrease, maintaining (approximate) pressure balance across the small ux feature, but INTERBALL data shownosuch increase.
During this period, IMP and WIND were on opposite sides of the Earth-Sun line from INTERBALL, which may have been the partial cause of the poor correlation of various ux features However, the fact that sometimes the agreement is good and sometimes poor supports the lack of Y-separation eect seen statistically.
Although the standard deviation of parameters is usually a good indicator of the observed correlation, the IMP 8 and WIND data on Figure CD10 show poor correlation associated with high standard deviations ( V = 13.6; n = 1.2). This appears to be due partially to the presence of wave-like features in the density. However, Figure CD11 displays the same parameters with 7-point smoothing ( Figure CD12) , showing that it is not just the \wiggle" in the data yielding the poor correlations. The data are not oscillating about a common value, but are frequently displaying dierent trends, especially at the beginning of the period shown.
In Figure 3 (CD3) , the discrepancy between the ux measurements is due to dierences in the density features seen by the INTERBALL and WIND spacecraft. The correlation coecient is not aected Examining the speed data from the three spacecraft ( Figure CD12 ) with only the advection shift (a zero shift was used for INTERBALL since the X position is the same as IMP's, and 22.5 minutes was used for WIND), we see that the increase in speed is well-aligned. This implies that this feature traveled fairly radially at the solar wind speed. However, the beginning of the speed decrease near 0130 UT (99.05) shows very dierent timing between the spacecraft. Clearly, given the spacecraft Y positions, a tilt in the azimuthal orientation cannot be the explanation. Perhaps the tilt is in the Z direction. Later in the day, after the IMP data are not available, WIND and IN-TERBALL see very similar structures with dierent timings { sometimes the advection shift gives good agreement, sometimes poor. The reason for these changes is still unclear.
SUMMARY
Several points of the statistical study results presented here are summarized below:
No positional dependences were seen except past 220 R E in X-separation.
Density standard deviation is the best organizer of ux and density correlation, and possibly affects average speed correlations, as well. Density alone is a possible proxy for space weather, since correlations are 50% higher for n > 10 cm 3 than for n < 4 cm 3 .
The case studies show various situations where poor correlations exist. The following are examples which cause this to occur:
Large-scale dierences in the underlying plasma. Extreme variability in the data (partially a function of the method used). Structures of limited spatial extent. Dynamic structures changing while propagating. Further study is necessary in order to quantify the eects seen above, as well as to continue to examine the statistical results using the ever-increasing amount of data. Additionally, three-dimensional (3D) eects must be studied, including investigating the eects of 3D advection on the lags obtained for best correlation (following the 2D work of (6)).
